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1. The Problem: C/O ratio in Helium Burning 
 (Who cares? the shattered hopes/illusions) 
 
2. The Solution: O-TPC 

(Who will do it? and where?) 
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Fig. 1. The current classification scheme of supernovae. Type Ia SNe are associated
with the thermonuclear explosion of accreting white dwarfs. Other SN types are as-
sociated with the core collapse of massive stars. Some type Ib/c and IIn SNe with
explosion energies E > 1052 erg are often called hypernovae.

Only in recent years have late time observations contributed to differentiating
various subtypes.

The first two main classes of SNe were identified [88] on the basis of the
presence or absence of hydrogen lines in their spectra: SNe of type I (SNI) did
not show H lines, while those with the obvious presence of H lines were called
type II (SNII). Type I SNe were also characterized by a deep absorption at 6150
Å which was not present in the spectra of some objects, therefore considered
peculiar [16,17]. In 1965, Zwicky [143] introduced a schema of five classes but
in recent years the scarcely populated types III, IV and V have been generally
included among type II SNe.

In the mid-1980s, evidence began to accumulate that the peculiar SNI formed
a class physically distinct from the others. The objects of the new class, charac-
terized by the presence of HeI [58,63], were called type Ib (SNIb), and “classical”
SNI were renamed as type Ia (SNIa). The new class further branched into another
variety, SNIc, based on the absence of He I lines. Whether these are physically
distinct types of objects has been long debated [62,135]. In several contexts they
are referred to as SNIb/c.
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Explosion of a White Dwarfs (Defl., Delayed Det. & Merger)Explosion of a White Dwarfs (Defl., Delayed Det. & Merger)

Initial WD Deflagration phase(2...3sec) Detonation phase (0.2...0.3 sec)
preexpansion of the WD hardly any time for further expansion

C/O
C/O

Ni
Ni

Si/S

C/O

Deflagration: Energy transport by heat conduction over the front, v <<v(sound)=> ignition of unburned fuel (C/O)
Detonation: ignition of unburned fuel by compression, v = v(sound)
Rem1: Pre �expansion depends on the amount of burning. The rate of burning

hardly changes the final structure for DD �models (Dominguez et al. ApJ 528, 590)
Rem.2: HeDs
(sub �MCh) � disagree with LCs and spectra

(Nugent et al. 96, Hoeflich et al. 96)
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OFF SET in M(dM15)
dM(V) ~ 0.1 dt(r ise)

Peter Hoeflich (2002)



Rev. Mod. Phys.(1984)

Moshe Gai

Moshe Gai

Moshe Gai

Moshe Gai



Helium Burning:   
3αααα        →→→→  12C Known

αααα    ++++    12C        →→→→        16O     ???
C/O = ?

12C(αααα,,,,γγγγ))))16O (Ecm = 300 keV)

σσσσ((((αααα,,,,γγγγ))))    ====    S/E X  e-2ππππηηηη
 (η = e2Z1Z2/ υ = Z1Z2α/β)

Astrophysical Cross Section
Factor (P  and  D waves)

SE1(300)
SE2(300)

±±±±15%
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ratios of the excitation function for ulab � 84.0± relative
to the one at ulab � 58.9± and a fit to this function.

The best fit for the reduced width amplitude of the
21 subthreshold state occurred for g12 � 0.47 MeV1�2,
with g11 � 0.27 MeV1�2 for the subthreshold 12 state for
the single channel program. Identical results were ob-
tained in the multichannel program (both a � 5.5 fm).
To obtain an error estimation, fits were obtained for val-
ues of g12 from 0.2 to 0.60 MeV1�2, with all other pa-
rameters being allowed to vary. The resulting x2 curve
is shown in Fig. 2(a). The same approach was used to
scan g11 from 0 to 0.60 MeV1�2 for the 12 state. A
1s uncertainty of g12 � 0.47 6 0.06 MeV1�2, and g11 �
0.2710.11

20.27 MeV1�2 was calculated with the previously es-
tablished [2] guideline x2 , x

2
min 6 9x2

n. A list of the
best fit parameters is presented in Table I. The best fit has
a x2

n of approximately 1.66. Deviations from an ideal fit
occur at resonances with widths in the keV range where the
sensitivity to target effects and beam energy calibration is
most pronounced.

The influence of the interaction radius a on the results
has been investigated. A strong dependence of x2 as a
function of a was found with a � 5.4210.16

20.27 fm as the best
value shown in Fig. 2(b). The dependence of g12 on the in-
teraction radius a is shown in Fig. 3. The width decreases,
as expected, with increasing a. Close to the minimum
an approximate 1

a dependence is found for g12 and other
widths. This result justifies using a � 5.5 fm throughout
the analysis and represents the first real restriction on the
interaction radius a in the 12C�a, g�16O problem.

Previous extrapolations of SE2�300� have been made us-
ing simultaneous fits to all available primary data [8]. Di-
rect inclusion of all the elastic scattering data presented
here will statistically dominate other data sets. For this rea-
son, the reduced width amplitude g12 can be directly fixed
within its errors in such fits without significantly narrow-
ing the x2 range estimated in the minimization. There-
fore the best-fit elastic scattering parameters for the 21

states were combined with radiative capture data [4–7]

FIG. 2. (a) x2 minimization for g12 at a � 5.5 fm, and
(b) x2 minimization for the interaction radius a.

from 12C�a, g�16O and 16N data [2]. This analysis leads
to a value of SE1�300� � 80 6 20 keV b, and SE2�300� �
4917

29 or 5818
211 keV b, depending on the sign of the E �

4.39 MeV 21 resonance g width amplitude relative to that
for direct capture and the subthreshold resonance. As this
interference sign is unknown, the two results are averaged
and errors include the limits on both measurements, yield-
ing SE2�300� � 53 6 13 keV b. With the full range of a
allowed here, the final result is SE2�300� � 53113

218 keV b.
In this analysis destructive interference between the ground
state direct capture and the tail of the subthreshold 21 reso-
nance has been employed. This is justified by a total de-
crease in x2 of nearly 300 between the destructive and
constructive options, largely due to the g-angular distri-
butions of Refs. [5] and [7]. However, additional angular
distributions would be desirable, as the constructive option
leads to 92 and 102 keV b, respectively, for SE2�300�. The
data set of Ref. [25] is unfortunately not available to the
authors.

The current value of the reduced width amplitude
g12 � 0.47 6 0.06 MeV1�2 agrees with the original phase
shift analysis of Ref. [3], which yielded g12 � 0.48 6

0.06 MeV1�2 for a � 5.43 fm. However, the cur-
rent value has many of the restrictions on R-matrix
parameters removed which were applied in Ref. [3].
A recent sub-Coulomb a-transfer experiment [26] in-
volving both 6Li and 7Li beams came to g12 � 0.33 6
0.03 MeV1�2 at a � 5.5 fm. A similarly lower value of
g12 � 0.36 6 0.06 MeV1�2 would have been found here,

TABLE I. Best fit R-matrix parameters for a � 5.5 fm. Ener-
gies in brackets are fixed to their physical value.

gl� �MeV1�2� El� �MeV�

g10 9.82 3 1027 E10 �21.1130�
g20 9.198 3 1023 E20 4.888
g30 0.865 E30 9.67
g11 0.270 E11 �20.0451�
g21 0.555 E21 3.358
g31 2.74 E31 52.7
g41 0.139a E41 5.350a

g12 0.473 E12 �20.2450�
g22 2.43 3 1022 E22 2.684
g32 8.95 3 1022 E32 4.387
g42 2.60 E42 44.5
g52 0.128a E52 5.978a

g13 0.190 E13 �21.032�
g23 0.471 E23 5.63
g33 18.7 E33 2.90 3 103

g14 0.44 E14 3.196
g24 3.09 3 1022 E24 3.936
g34 1.287 E34 13.31
g15 0.67 E15 7.845
g16 0.29 E16 6.0b

aFrom phase-shift fit. Fixed in minimization.
bSet limit.
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Abstract. An excitation function of the ground-state γ0-ray capture transition in 12C(α, γ)16O at θγ =
90◦ was obtained in far geometry using six Ge detectors, where the study of the reaction was initiated
in inverse kinematics involving a windowless gas target. The detectors observed predominantly the E1
capture amplitude. The data at E = 1.32 to 2.99 MeV lead to an extrapolated astrophysical S factor
SE1(E0) = 90 ± 15 keV b at E0 = 0.3 MeV (for the case of constructive interference between the two
lowest E1 sources), in good agreement with previous works. However, a novel Monte Carlo approach in
the data extrapolation reveals systematic differences between the various data sets such that a combined
analysis of all available data sets could produce a biased estimate of the SE1(E0) value. As a consequence,
the case of destructive interference between the two lowest E1 sources with SE1(E0) = 8± 3 keV b cannot
be ruled out rigorously.

PACS. 24.10.-i Nuclear-reaction models and methods – 25.40.-h Nucleon-induced reactions

1 Introduction

The capture reaction 12C(α, γ)16O (Q = 7.16 MeV) takes
place in the helium burning of Red Giants [1] and rep-
resents a key reaction of nuclear astrophysics. The cross-
section at the relevant Gamow energy, E0 = 0.3 MeV (all
energies are given in the center-of-mass system, except
where quoted differently), determines not only the nucle-
osynthesis of elements up to the iron region but also the
subsequent evolution of massive stars, the dynamics of a
supernova, and the kind of remnant after a supernova ex-
plosion. For definitive calculations, the cross-section σ(E0)
must be known with a precision of at least 10% . In spite of
tremendous experimental efforts over nearly 30 years [2–
10], one is still far from this goal. Since σ(E0) ≈ 10−17

b is far too small for direct measurement using available
techniques, the measured cross-sections at higher energies
must be extrapolated to E0.

The available data indicate that σ(E0) is dominated
by the E1 and E2 capture processes into the 16O ground
state (= γ0-ray capture transition), where the two multi-
poles appear to be of similar importance. The E1 ampli-

a Alexander von Humboldt fellow
b e-mail: rolfs@ep3.ruhr-uni-bochum.de

tude arises from the low-energy tail of a broad Jπ = 1−
resonance at ER = 2.42 MeV (ΓR = 400 keV), the
high-energy tail of a Jπ = 1− subthreshold resonance at
ER = −45 keV, and the low-energy tail of an unidenti-
fied background amplitude due to broad Jπ = 1− reso-
nances at high energies; interference effects between these
E1 sources must also be included. The E2 amplitude arises
predominantly from the high-energy tail of a Jπ = 2+

subthreshold resonance at ER = −245 keV and the direct
capture process E2(d → s), or equivalently the low-energy
tails of broad Jπ = 2+ resonances at high energies. Since
the capture cross-sections of the E1 and E2 multipoles
have different energy dependencies, one must have an in-
dependent and precise information on the energy depen-
dence of each multipole cross-section for a reliable extrap-
olation to E0.

The E1 angular distribution for the γ0-ray capture
transition, WE1(θγ) ∝ sin2 θγ , has a maximum at θγ =
90◦, while the E2 angular distribution, WE2(θγ) ∝
sin2 θγ cos2 θγ , is zero at θγ = 90◦. Thus, if a detector
is placed in far geometry (nearly a point-like detector) at
θγ = 90◦, it will observe only the yield of the E1 mul-
tipole. Of course, the price is a low detection efficiency
limiting the exploitable energy range. A close inspection

Moshe Gai
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FIG. 5. Five-level–R-matrix fit to the SE2 capture data of this
work (a) and to the a-elastic scattering data (l � 2) of Plaga
et al. [17] and D’Agostino Bruno et al. [18] (b).

the 21 resonance [23]. The result is shown in Fig. 5. This
fit is consistent with the recent data of Tischhauser [24].

The S-factor curves are extrapolated into the range of
burning temperature. The following values for the E1, the
E2 part of the S factor, the contribution due to g cascades,
and the total S factor at 300 keV have been extracted:

S300
E1 � �76 6 20� keV b, S300

E2 � �85 6 30� keV b ,

S300
casc � �4 6 4� keV b, S300

tot � �165 6 50� keV b .

Although the present experiment has been performed with
a tenfold better sensitivity than all previous ones [7–9],
this is not reflected in the quoted uncertainties which
include both statistical and systematic errors induced by
R-matrix analysis and fitting procedures. Our quoted
errors are therefore of the same order for the SE1 and
higher for the SE2 than the corresponding values of
Ouellet et al. [7,8]. We believe that the errors quoted

by Ouellet et al. are strongly underestimated. The SE1
value is in agreement with the determination via the 16N
decay [22], with the revised value of Ouellet et al. [8] of
�79 6 16� keV b and with the value of Roters et al. of
�95 6 44� keV b [9]. The SE2 value differs from the
determination of Ouellet �36 6 6� keV b, while Roters
et al. specify no SE2 extrapolation value.

We are indebted to Professor Dr. U. Kneissl for support-
ing this project. We are obliged to Professor Dr. C. Rolfs
and K. Brand, Bochum, for making the DTL ion implanter
available for our target preparation. We are grateful to R. E.
Azuma for sending us information on his R-matrix calcu-
lations. We thank K. Langanke for mailing us his valuable
comments. This project was supported by the Deutsche
Forschungsgemeinschaft (DFG), Bonn (AZ Ha 962/18).
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Gas Electron Multiplier (GEM)

Typical parameters:
• 50µm Kapton
• metal coated
• Ø50-70µm holes
• 100-200µm pitch
• 80% opacity

F. Sauli NIM A 433 (1997) 531

Electric field in the holes >20kV/cm
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